The induced-charge elecetroosmosis around conducting/Janus cylinder with arbitrary Debye thickness is studied numerically, when an direct current weak electric filed is suddenly applied in a confined microchannel. It's found that there are four large circulations around the conducting cylinder, and the total flux in the microchannel is zero; there are two smaller circulations around the Janus cylinder, and they are compressed to wall. A bulk flux, which has a parabolic relation with the applied electric field, is also predicted.
Introduction
The advent of microfluidic technology raises the fundamental question of how to pump and mix fluids at micron scales, where pressure-driven flows and inertial instabilities are suppressed by viscosity [1] [2] [3] . Recently, the most popular non-mechanical pumping and mixing strategy is based on electro-osmosis, which is produced by the linear interactions of the externally applied electric field with its immobile electrostatic surface-charge [4] . However, there are some shortcomings for electroosmosis, but these drawbacks do not apply to induced-charge electroosmosis (ICEOF) [5] . In addition, in comparison with EOF, the velocity of ICEOF may be higher because of its non-linear dependence on the applied electric field. Those unique characteristics may lead to new applications in microfluidics and nanofluidics. Recent research includes using ICEOF for mixing and flow regulating [6, 7] and promoting stirring and chaotic advection [8, 9] . Wang et al. [10] indicated that a step change in zeta potential will cause a significant variation in the velocity profile and pressure distribution of the flow. Wang et al. [11] found that the barriers periodically embedded in the microchannel are beneficial to the chaotic mixing in that the barriers can form a group of linked twist maps that possess the Bernoulli property and the chaotic advection in these regions. However, those studies employ many assumptions to model ICEOF such as homogeneous dilute electrolytes which is unbounded, rigid spherical particles which is much larger than the thickness of the EDL, very far from any walls or other particles, and uniform and weak field. With the current --------------focus in nanotechnology, one may encounter particles whose linear dimension is comparable with the Debye-layer thickness.
In general, those studies suggest that a rich variety of nonlinear electrokinetic phenomena at polarizable surfaces remains to be exploited in microfluidic devices. The impetus of this paper is to advance the understanding of ICEOF around a conducting/Janus cylinder for arbitrary Debye thickness in a confined microfluidic channel, and it's mostly concerned with flow pattern and its capability of pumping. Unlike previous treatments, this study is carried out with the full Poisson-Nernst-Planck problem formulation, without making any a priori approximations.
Computational model
To understand the basic principles of ICEOF, let us consider a simple case that 2-D conductive or Janus circular cylinder that is immersed in an aqueous solutions shown in fig.  1 (a), for clarity, the cylinders are magnified in figs. 1(b) and 1(c) shows the mesh of the computational domain. Here W = 100 μm, L = 500 μm, r = 20 μm. In microfluidics the basic equations describing flow should be selected in advance. The continuum approximation is not valid if the Knudsen number is larger than 0.1, then other equations instead of Navier-Stokes equation should be used, for example, the Burnett equations [12, 13] . For steady and incompressible flow, those dimensional governing equations are:
For externally applied field φ, φ = φ a at inlet and outlet, ∂φ/∂n = 0 at lateral wall, φ = 0 at conducting particle surface or ∂φ/∂n = 0 at insulated surface when t = 0, and ∂φ/∂n = -(∂c/∂n)/q at conducing particle surface or ∂φ/∂n = 0 at insulated surface when t  0; for the non-dimensional concentration of ions, c = 2 at inlet and outlet, c = 2 at the lateral wall, and ∂c/∂n = -q (∂φ/∂n) at conducting particle surface or c = 2 at insulated particle surface; for the density of free ions, q = 0 at inlet and outlet, q = 0 at the lateral wall, and ∂q/∂n = -c(∂φ/∂n) at conducting particle surface or q = 0 at insulated particle surface. The control-volume-based method was used to solve these equations, and second-order upwind discretization method was used. 
Results and discussion
Consider an initially uncharged spherical particle which is suspended in symmetric z-z binary electrolyte solution (viscosity μ = 1.003·10 -3 kg/ms, density ρ = 998.2 kg/m 3 , permittivity ε = 80·8.85·10
-12 C/Vm). The conducting surface of cylinder is impermeable to ions. And then the concentrations of the cations and anions are identical, say n ∞ . Identical diffusivities (D = 1.0·10 -9 m 2 /s) assumed for both ionic species. All the numerical solutions presented in the following have been carefully studied such that grid-independent solutions are obtained. As shown in fig. 2 once the electric field is suddenly applied over the object, a non-zero current goes from the aqueous solution to the conductive surface. Thus, the electric field lines initially intersect the conductive surface at right-angles as shown in figs. 2(a) and 2(c) . The current drives positive charges into a thin layer on one side of the conductor and the negative charges into the other, inducing an equal and opposite surface charge q on the conductive surface and also attracting equal and opposite image charges within the conductor itself. Over a charging time τ c = λ D r/D, which is quite short for a highly polarizable conductor, the conductor behaves like an insulator as shown in figs. 2(b) and 2(d). From figs. 3(a) and 3(c) it can be seen that induced charge density on particle surface is no longer a constant and varies with phase angle. Consequently, the slipping velocity on the conducting surfaces is induced by the interaction between electric field and the induced charge density and changes with position, resulting in a non-uniform flow field.
Due to the oppositely charged surfaces, flow circulations are generated near the em- fig. 3(c) , around Janus cylinder, there exists two symmetric circulation regions, which can be used as to pump and mix sample in microchannel.
As shown in fig. 4 , the induced electroosmotic velocity increases with the growth of externally applied electric field, which means that Janus cylinder immersed in microchannel can be used as pump.
Conclusions
It is found that there are four large circulations around the conducting cylinder while the total flux in the microchannel is zero; there are two smaller circulations around the Janus cylinder and they are compressed to wall, and there is bulk flux which has a parabolic relation with applied electric field. These conclusions may be helpful to the design of mixer and pump in microfluidics.
